Abstract Interactions between scleractinian corals and benthic algae can be an important process structuring reef communities, yet interaction dynamics are not fixed and may be influenced by abiotic factors such as sedimentation, a process often underlying reef degradation. However, rates of sedimentation and the effects of trapped sediments may be influenced by water flow. The first goal of this study was to quantify gradients in sedimentation and flow along fringing and back reefs of the north shore of Moorea, French Polynesia, and determine whether such gradients correlate with changes in the frequency and outcomes of massive Porites-algal turf interactions. On the back reef, the frequency of Porites-algal turf interactions and the competitive success of algal turfs increased significantly with decreasing flow. Sedimentation, however, was not a significant driver of the observed patterns. Along fringing reefs, in the absence of a flow gradient, it was the gradient in sedimentation that best explained spatial variation in Porites-algal turf interaction frequencies and the competitive success of algal turfs. The second goal was to quantify the separate and combined effects of flow and sedimentation on Porites-algal turf interactions in a laboratory setting. The combined effects of low flow and sedimentation significantly increased the area of Porites tissue damaged when in contact with algal turf, while high flow attenuated the negative effects of sedimentation. Together, these results implicate flow and sedimentation as important drivers of biological interactions between massive Porites and algal turf.
Introduction
Over the past century, coral reefs have come under increasing threat from anthropogenic stressors including global climate change, overfishing, and pollution, resulting in an unprecedented decline in live coral cover worldwide (Hughes et al. 2003; Bellwood et al. 2004 ). Coral and macroalgae are the major benthic components of coral reefs, and interactions between the two groups of taxa are a common feature of most reefs (Tanner 1995; Haas et al. 2010) . However, some reefs are becoming increasingly dominated by benthic macroalgae due to anthropogenic disturbances that promote algal overgrowth of living coral tissue or the newly exposed substrate following coral mortality (Hughes 1994; McCook et al. 2001; reviewed in McManus and Polsenberg 2004; Hughes et al. 2007; Birrell et al. 2008; Knowlton and Jackson 2008) .
Of the few direct experimental tests of coral-algal interactions following a disturbance, many have focused on reefs exposed to terrestrial runoff of nutrients, pollutants, and sediments (McCook 2001; Jompa and McCook 2002; Nugues and Roberts 2003; Birrell et al. 2005; Haas et al. 2010) . In particular, carbonate and terrigenous sediments have widespread negative effects on coral settlement, recruitment, and reproduction and have been implicated as a major cause of reef degradation worldwide (Rogers 1990; Gilmour 1999; Wilkinson 2004) . In contrast, studies of the effects of sediment on algae, such as filamentous algal turf, Communicated by Ecology Editor Dr. Stuart Sandin point to the enhancement of competitive ability through a process known as sediment trapping, resulting in the smothering and overgrowth of corals as well as decreased coral recruitment (Steneck 1997; Nugues and Roberts 2003; Birrell et al. 2005) . Therefore, sediments may exert significant direct and indirect effects on coral-algal interactions either by damaging or killing coral tissue that may then lead to algal overgrowth of the newly opened space, or by directly promoting algal overgrowth of live coral tissue via sediment trapping.
An important factor determining the magnitude of degradation is the concentration of sediment and the duration of exposure, both of which are influenced by hydrodynamic processes (Philipp and Fabricius 2003; Fabricius 2005; Storlazzi et al. 2009 ). Spatial and temporal variation in hydrodynamic forcing has been shown to significantly affect the rate of deposition, residence time, resuspension, and advection of both marine and terrestrial sediments (Storlazzi et al. 2009 ). Water flow therefore is likely to exert indirect effects on a number of physiological and ecological processes by altering the concentration and duration of sediment exposure. In the absence of sediments, the effects of water flow on the ecology of corals and algae include changes in growth (Jokiel 1978) , distribution (Vosburgh 1977) , and recruitment (Sammarco and Andrews 1989; Abelson and Denny 1997) . In addition, primary production, respiration, and nutrient uptake of corals and algae have been shown to increase with increasing water flow (Patterson et al. 1991; Atkinson and Bilger 1992; Genin and Karp 1994; Thomas and Atkinson 1997; Bruno and Edmunds 1998; Carpenter and Williams 2007) .
Water flow often changes over gradients of reef rugosity or with distance from breaking waves (Roberts and Suhayda 1983; Hearn et al. 2001; Lowe et al. 2005 ), while sedimentation rates often change with distance from a point source such as a stream or river (Randall and Birkeland 1978) . Gradients in flow and sedimentation may therefore result in gradients of reef community structure through effects on coral-algal interactions. Using natural, continuous gradients in flow and sedimentation on the north shore of Moorea, French Polynesia, we first conducted an in situ mensurative test of the hypothesis that gradients in flow and sedimentation correlate with gradients in coral-algal interaction frequencies and outcomes, as well as benthic community composition.
Secondly, because gradients in flow and sedimentation likely exist concurrently with gradients in nutrients, temperature, and herbivory, a laboratory experiment was designed to tease apart the separate and interactive effects of flow and sedimentation on the amount of coral tissue damaged when in contact with algal turf.
Lastly, to better understand the mechanisms underlying the phenomenon of sediment trapping by algal turf, sediment samples were collected from various surfaces of coral and turf algae in direct contact. Repeated observations of unequal sediment accumulation on the interacting and non-interacting surfaces of massive Porites and algal turf led to questions regarding the importance of spatial variation in sediment accumulation at the scale of coralalgal interactions (cm), and further, the hypothesis that a possible mechanism driving the effects of sediment trapping is the accumulation of sediment along interaction margins.
Methods

Site selection
In May 2010, three fringing reef (S17°29.063 0 , W149°50.141 0 ; S17°28.835 0 , W149°48.043 0 ) and three back reef (S17°28.713 0 , W149°50.668 0 ) sites were chosen on the north shore of Moorea, French Polynesia, to sample gradients of flow and sedimentation (back reef) and gradients of sedimentation alone (fringing reef; Fig. 1 ). On the north shore, primarily unidirectional water flow moving over the reef slows with proximity to shore. On the back reef, this results in carbonate sediments that are carried toward shore with the flow gradient. Water flow is then redirected along fringing reefs at relatively constant speeds and back out to the open ocean through reef passes (Hench et al. 2008) . Terrestrial sediments deposited near shore are in turn carried downstream creating a gradient of terrestrial influence. Again, water flow along shore at these fringing reef sites is relatively low and constant across the sedimentation gradients of interest (Alldredge AL, personal communication) . For the purposes of this study, the three back reef sites were selected to sample a continuous reef along a flow and sedimentation gradient, while the fringing reef sites were chosen based on proximity to stream drainages. The exact placement of each transect was first determined visually, followed by trial flow and sedimentation measurements to ensure that a gradient was indeed sampled, and that each of the three transects within each habitat began in similar flow and/or sedimentation environments.
Relative sedimentation and flow rates At each of the three sites within the fringing and back reef habitats, a 50-m permanent transect was established at 1-2 m depth and was subdivided into five, 10-m zones so as to quantify the hypothesized gradients in flow and sedimentation. Within each zone, clod cards and sediment traps were deployed to measure relative flow and sedimentation rates. While clod cards do not measure actual flow rates, the relative dissolution of clod cards provides an estimate of relative flow (Jokiel and Morrissey 1993; Thompson and Glenn 1994) . Similarly, it has been noted by Storlazzi et al. (2011) that sediment traps of the design used here may be inadequate at quantifying sedimentation on the surface of corals and instead may at best ''provide only a relative indication of corals' exposure to sediments.'' Therefore, ''trap accumulation rate'' will henceforth be used in place of ''sedimentation rate'' as traps may over-estimate the amount of sediment settling on the reef surface. It is important to note, however, that more relevant to the research discussed here is the relative exposure to sediment along the gradients of interest, rather than net sedimentation.
Clod cards were constructed using the methods described in Thompson and Glenn (1994) . Plaster of Paris was mixed with water and allowed to solidify in standard ice cube trays for 3 d at which point the clod cards were removed and allowed to dry before being sculpted to create a uniform shape and weight. Clod cards were attached to rebar stakes that were affixed to the reef along the transect line such that the cards rested 18 cm above the benthos.
The height of the clod cards above the benthos was determined so as to minimize variation in flow rates resulting from microenvironments surrounding coral bommies and algal fronds. While these microenvironments may significantly affect the rate of sediment deposition and resuspension, we were more interested in quantifying the availability of sediments as a function of flow at the reefscale. Because flow rates differed significantly between the fringing and back reef habitats, clod cards were deployed for 24 h on the fringing reefs and for approximately 7 h in the back reef.
Acoustic Doppler Profilers (Nortek Aquadopp ADPs) were placed at the upstream and downstream end of each of the three back reef sites for 7 h every 2 weeks for 6 weeks to supplement the clod card data and compare dissolution rates with measured flow speeds. ADPs were placed on the bottom at approximately 2 m depth and at least 1.5 m from surrounding structures. ADPs recorded velocities every 60 s from 0.20 m above the benthos to the water surface. The number of 0.1-m bins was adjusted to account for differences in depth of the benthos along the transects at each site, ranging from 13 to 17 bins. Because data obtained from clod cards indicated that flow along the fringing reefs was relatively low and constant, ADP data were not collected at these sites. Sediment traps were constructed according to the following MCR-LTER protocol (Alldredge 2012) , using PVC pipe with a 3:1 aspect ratio (5.2 cm internal diameter, 17.5 cm high) glued to a Plexiglas base and weighted down to the substratum with a lead weight. Traps were placed with their tops 18 cm above the benthos every 10 m directly along the transect line and left in place for 24 h. Trap accumulation rates were estimated by vacuum filtering the contents of each trap onto pre-weighed 1-lm pore size, 47-mm Whatman polycarbonate filters, which were then dried to a constant weight at 70°C. Measurements at the upstream and downstream end of each 10-m zone were averaged to yield an average clod card dissolution and trap accumulation rate for each zone.
Clod cards and sediment traps were deployed every 2 weeks for a period of 6 weeks during the austral winter between May and July of 2010. A three-way ANOVA was used to test for an effect of sampling date (with site and zone as additional fixed factors), but after it was determined that there was no statistical difference between sampling dates, data were pooled to yield an average clod card dissolution and trap accumulation rate for each zone within the three back and fringing reefs.
Benthic composition, interaction frequencies, and interaction outcomes Benthic composition was estimated from surveys along each of the three fringing and back reef transects to estimate interaction frequency relative to the abundance of the interacting components. These interaction data were then used to estimate the outcome of the observed interactions. Three replicate 0.25 m 2 quadrats were randomly placed within each zone along the transect line and were divided into 25 subplots. If quadrats landed on rubble or pavement, a new position was randomly selected. Within each subplot, the dominant taxon occupying [50 % of the subplot area was recorded, including all hermatypic corals identified to species where possible, genera of benthic macroalgae, turf algae, sand, bare coral rock, and rubble. The number of subplots occupied by each component was summed and divided by 25 to yield percent cover and was averaged across replicates within each zone for each of the three back and fringing reefs. Frequencies of coral-algal interactions were estimated by determining the predominant interaction in each subplot according to the length of the interaction perimeter, as measured by the linear length of the interaction between alga and coral ( Fig. 2) , counting the number of subplots dominated by each interaction type (i.e., Porites-algal turf, Porites-CCA), and dividing by the total area of the quadrat to yield a standardized estimate of the number of interactions per square meter of benthos. Results from replicate quadrats were averaged within each zone for all three back reef and fringing reef sites.
The predominant coral-algal interaction within each subplot was scored as an algal ''win'' if coral tissue was bleached, overgrown by algae, or showed signs of abrasion. Interactions were classified as a coral ''win'' if none of these indicators were observed. The rationale for the scoring method was that in the absence of algal colonization or coral tissue damage, corals generally are thought to be superior competitors to algae (reviewed by McCook et al. 2001 ). The percentage of algal ''wins'' was determined by dividing the number of wins by the total number of interactions, and these results were averaged within each zone for each of the three back reef and fringing reef sites.
Sediment accumulation
Sediment trapping has been shown to occur primarily on mixed filamentous algal turf (Steneck 1997) and because turf interactions with massive Porites spp. dominated the fringing reefs, only these interactions were sampled. In addition, because data from sediment traps indicated that sedimentation was much greater on the fringing reefs than on the back reef, sediments were collected from massive Porites-algal turf interactions at the fringing reef sites only. Three interactions were selected randomly within each zone after which sediment samples were collected from the non-interacting surface of massive Porites and algal turf, as well as along the margin of their interaction. The sampling area was cleared of all sediment by using compressed air from a scuba tank to dislodge the sediments while minimizing disruption to the turf. Any remaining sediments were removed with a syringe. Within each clearing area, a 2-cm 2 area was sampled 24 h later using a syringe to extract all the sediments that had accumulated. Sediments were sampled along the interaction margin and 2 cm away on the adjacent non-interacting coral and algal surfaces. Sediment samples were filtered and weighed using the methods described previously.
Flume experiment
A fully factorial laboratory experiment was designed to test the separate and interactive effects of high versus low flow and the presence or absence of sedimentation on the extent of massive Porites tissue damaged (i.e., pale, bleached, or dead tissue) when in contact with algal turf. Specific pairwise and a priori contrasts were conducted to test the hypotheses that: (1) high flow (HF) reduces the area of Porites tissue damaged when in contact with algal turf, (2) the addition of sediments under low (LF) results in significantly more damage to Porites tissue, and (3) there is no effect of sedimentation on the area of Porites tissue damaged when in contact with algal turf under HF.
The experimental setup was designed to administer constant water flow and sediments simultaneously using 12, 0.5-m long, half-pipe PVC flumes. Each flume was designated either HF or LF, with sediments either present or absent, for a total of four treatments. To manipulate and maintain constant water flow, three manifolds were supplied with seawater and fitted with valves that controlled the flow of water entering and exiting each of four flumes. A honeycomb of flow straighteners was placed at the upstream end of each flume to maintain relatively uniform turbulence. At the downstream end, a flow control valve was used in conjunction with the upstream valve to control the rate of water flow through each flume (Fig. 3) .
Flow rates were checked and adjusted daily using the combination of inflow and outflow control valves to account for variation in the water pressure leaving the seawater filtration system. Flow speeds were based on the Acoustic Doppler Profile data collected from the back reef, HF, and fringing reef, LF, sites, with 0.25 m s -1 as the HF and 0.05 m s -1 as the LF flow speed. To measure flow in the flumes, fluorescein dye was introduced at the upstream end of each fume and the amount of time it took to be expelled at the downstream end was recorded. Because this method is relatively imprecise, the volume of water exiting each flume was measured over a period of 10 s to provide supplementary estimates of flow rates. Flow rates were measured every day to ensure maintenance of treatment conditions. Sediments were collected from the upper 5 cm of benthic sediments surrounding a nearby fringing reef (*2-m depth) that is exposed to both carbonate and terrigenous sediments. Sediments were filtered to remove larger particles or shell fragments greater than 500 lm and isolate smaller grain sand and silt sediments (Weber et al. 2009 ). To constantly administer sediments, a system of reservoirs and pumps was designed to deliver suspended sediments to individual flumes (Fig. 3) . First, a 2,461-l reservoir was equipped with three circulation pumps (Aquaclear 110) that continuously stirred a sediment stock suspension. Every 30 min, a timer turned on a pump that delivered this stock suspension to a smaller 76-l tub that was equipped with one circulation pump and raised approximately 1.5 m above the flumes to allow the sediment solution to be gravity fed to each flume. The timer controlled the filling of the tub in order to maintain a sediment solution delivery rate of *20 mg cm -2 d -1 , corresponding to the high trap accumulation rates recorded along the fringing reefs. To ensure maintenance of treatment conditions, sedimentation rates were recorded every other day using Sculpey Putty (Sculpey, Polyform Products Company, Elk Grove Village, IL) to attach a 2-cm 2 piece of artificial turf adjacent to the staged interactions for approximately 1 h. Sediments then were removed by agitating the artificial turf in a bucket of freshwater. Sedimentation rates were estimated by vacuum filtering each sample onto pre-weighed 1-lm pore size, 47-mm Whatman polycarbonate filters. Samples were dried at 70°C overnight and weighed to the nearest mg.
Interactions were staged by adjoining massive Porites and algal turf-covered coral fragments of similar area (approximately 50 cm 2 ), with an interaction margin of approximately 4 cm that was consistent across treatments. Algal turf consisted of heterogeneous assemblages of filamentous algal species less than 10 mm in height (Steneck and Dethier 1994) . Natural interactions were not taken from the field so as to eliminate any confounding physiological responses associated with established interactions. Corals and algal turfs were collected from the back reef environment to avoid sampling from areas subject to chronic sedimentation, thus reducing the potential for existing phenotypic responses to sedimentation (Anthony 2000) . Interactions were oriented so that the interaction margin ran parallel to the direction of flow using Sculpey Putty that was affixed approximately 20 cm from the downstream end of each flume. The response variables measured included the area of coral tissue damaged (e.g., lightened, bleached, or overgrown by turf) as well as the change in Porites buoyant mass (converted to dry weight). Initial and final photographs of the Porites nubbins were analyzed using Image J software to outline the area of damaged coral tissue. After 3 weeks, Porites and algal turf surface area was measured using the foil method (Marsh 1970) to normalize the area of damaged tissue. This design only allowed for three replicates of each of the four treatments in each trial, so the experiment was repeated once with each trial lasting 3 weeks.
Statistical analyses
To test for flow and sedimentation gradients in the back reef and the sedimentation gradients along the fringing reefs, separate two-way ANOVAs were used with site and zone as fixed factors. If either clod card dissolution or trap accumulation rate did not vary significantly between zones, they were not included as covariates in subsequent analyses. To test for a relationship between flow and trap accumulation rate among sites, separate ANCOVAs were conducted for each habitat to test for an effect of site (categorical) and clod card dissolution (covariate) on the rate of sediment accumulation in the traps.
Frequencies of algal turf-coral interactions on the back reef and their outcomes were analyzed using ANCOVA to test for effects of site (categorical), clod card dissolution (covariate), and trap accumulation rate (covariate). All nonsignificant interactions (p [ 0.05) with covariates were eliminated sequentially from the model before testing the remaining interactions and main effects. In addition, if water flow significantly affected the rate of trap accumulation, the residuals were used in the analyses of interaction frequencies and scored outcomes. This allowed for analysis of the separate and interactive effects of flow and sedimentation while excluding the effects of flow on the rate of sedimentation itself. Fringing reef interaction frequency and outcome data also were analyzed using ANCOVA but clod card dissolution was removed from the model after it was determined that flow did not vary among zones.
Separate regressions were used to estimate the extent to which the frequency of interactions in each habitat was explained by the product of the proportional abundances of massive Porites and algal turf. Lastly, sediment accumulation was analyzed using ANCOVA with surface (Porites, algal turf, or interaction) as the categorical variable and sedimentation rate as a covariate. Data were tested for the assumptions of normality and homogeneity of variances using Shapiro-Wilk's and Levene's tests, respectively.
Data from the laboratory experiment was analyzed using a three-way ANOVA to test for an effect of trial on the area of Porites tissue damaged across treatments. After it was determined that there was no effect of trial, data were pooled across trials and analyzed using a two-way ANOVA to test for relative differences in Porites dry weight as well as the area of damaged tissue using planned pairwise comparisons across treatments. Additionally, a priori contrasts were utilized to compare HF and LF with sediment and no sediment treatments combined. Data were tested for the assumptions of normality and homogeneity of variances using Shapiro-Wilk's and Levene's tests, respectively.
Results
Flow and sedimentation
Along the fringing reef sites, average trap accumulation rates increased monotonically from 4.5 to 12 mg cm
with proximity to the sediment sources, while clod card dissolution was relatively constant, averaging *9 % dissolution over 24 h. Sedimentation differed significantly across zones for all three sites (ANOVA, F 4,10 = 33.18, p \ 0.001; Fig. 4c ), while the percent dissolution of clod cards was not significantly different (F 4,10 = 2.19, p = 0.14; Fig. 4a ). The sedimentation gradients therefore were not confounded by gradients in water flow. For the back reef sites, both clod card dissolution and trap accumulation rates differed significantly across zones; however, the gradients observed were not linear from the reef crest toward shore. Clod card dissolution rates ranged from 13 to 25 % (F 4,10 = 13.32, p \ 0.001; Fig. 4b ) over 7 h. Zones furthest upstream, closest to the reef crest averaged 18 % clod card dissolution, while the upstream ADP recorded depth-averaged velocities of *0.14 m s -1 . Downstream clod card dissolution averaged 13 %, with ADP depth-averaged velocities of *0.11 m s -1 . Trap accumulation ranged between *3.8 and 7.7 mg cm -2 d -1
(F 4,10 = 19.47, p \ 0.001; Fig. 4d ), with higher accumulation in zones that experienced the lowest flow. The relationship between clod card dissolution and trap accumulation differed between the fringing reef and back reef. Within both habitats, there was no significant interaction between site and clod card dissolution (ANCOVA, Back reef: F 2,9 = 0.98, p = 0.41; Fringing reef: F 2,9 = 1.07, p = 0.38) indicating that the effects of flow on trap accumulation were consistent among sites. On the back reef, there was a significant effect of flow on the rate of accumulated sediment in the traps (F 1,11 = 58.26, p \ 0.001; Fig. 5b ) such that with increasing flow, accumulation decreased. Along the fringing reef, however, flow did not significantly affect rates of accumulation (F 1,11 = 0.051, p = 0.82; Fig. 5a ).
Benthic composition
Over 70 % of the benthos in both the fringing and back reef habitats was dominated by massive Porites spp. and mixed algal turf so only the abundances and interactions of these taxa were analyzed. Along the fringing reefs, the lack of variation in flow meant that it could be eliminated as a covariate in all fringing reef analyses; therefore, site and trap accumulation were included as the categorical variable and covariate, respectively. Massive Porites abundance decreased significantly with increasing sedimentation (ANOVA, F 1,9 = 82.39, p \ 0.001) while the abundance of turf increased significantly with increasing sedimentation (ANOVA, F 1,9 = 127.56, p \ 0.001).
In the back reef, the significant inverse relationship between flow and trap accumulation rate allowed for the use of the residuals from that regression in the remaining back reef analyses. In the back reef, massive Porites abundance increased significantly with increasing flow (ANCOVA, p \ 0.001), while turf abundance decreased (p = 0.013). Sedimentation, however, did not have a significant effect on either Porites (p = 0.53) or turf abundance (p = 0.67).
Interaction frequency and outcomes
Along fringing reefs, interactions between massive Porites and turf algae increased significantly with increasing sedimentation, ranging from 0 to 69 interactions per m 2 (ANCOVA, p \ 0.001; Fig. 6a ; Table 1 ). This relationship was consistent across sites (p = 0.730). On the back reef, Porites-algal turf interaction frequency increased significantly with decreasing flow (p \ 0.001; Fig. 6b ; Table 2 ) ranging from 14 to 52 interactions m -2 . In contrast to the fringing reef, interaction frequency was not significantly associated with sedimentation on the back reef (p = 0.72; Table 2 ). In both the back reef and fringing reef, the product of the proportional abundances of Porites and algal turf did not significantly predict the frequency of Porites-algal turf interactions (Back reef: p = 0.36; Fringing reef: p = 0.68).
For fringing reefs, the percentage of predicted turf ''wins'' differed significantly among sites (ANCOVA, p = 0.0021; Table 1 ), but increased significantly with increasing sedimentation among all sites from 0 to 100 % (p \ 0.001; Fig. 6c ; Table 1 ). In the back reef, flow was the only factor to significantly affect the percentage of predicted turf ''wins'' (ANCOVA, p = 0.03; Fig. 6d ; Table 2 ), such that with increasing flow there was a reduction in the percentage of turf ''wins,'' from 95 to 37 %.
Sediment accumulation
There was a significant effect of trap accumulation rate on the amount of sediment accumulated on the surface of massive Porites, algal turf, and along the margin of their interactions (ANCOVA, F 2,39 = 23.51, p \ 0.001; Fig. 7 ). In general, as sedimentation increased, more sediment was retained along the margin of interactions (6.3-15 mg cm
), whereas the least amount of sediment was retained on the surface of massive Porites (3.9-7.1 mg cm
). Also, the distribution of sediments across the different surfaces changed with overall sedimentation rate, with the magnitude of differences in sediment accumulation becoming more pronounced as the reef sedimentation rate increased (Fig. 7) .
Flume experiment
Flow and sedimentation treatments were generally maintained throughout the experiment. Variation in flow between individual flumes was mainly a result of changes in water pressure; therefore, the valves were adjusted accordingly every morning, afternoon, and evening. The LF treatments were maintained between 0.04 and 0.05 m s -1 while the HF treatments were maintained between 0.21 and 0.25 m s -1 . Variation in sedimentation was inherent to the gravitational design. As the smaller 76-l tub drained, the rate of sedimentation decreased as a result of reduced pressure forcing the suspended sediment through the tubes. As the tub was refilled, pressure increased and sedimentation rate increased. This resulted in sedimentation rates ranging from 17 to 23 mg cm -2 d -1 . The significant interaction between low flow and sedimentation resulted in significantly more damage to coral tissue (ANOVA, F 1,20 = 8.86, p = 0.008; Fig. 8 ), indicating that the effects of sedimentation are significant in low flow, but not in high flow. Massive Porites tissue in contact with algal turf became pale after approximately 3 d across all treatments. This most likely was an artifact of the side-by-side arrangement of the nubbins, as coral tissues at the center of the interaction plane were exposed to less light and water flow compared with tissues not in direct contact with algal turf elsewhere on the coral nubbin. This damage accounted for approximately 1 cm 2 of the total damage measured at the end of the experiment. In the HF treatments (with and without sediment), the area of coral tissue damaged remained nearly constant at the aforementioned 1 cm 2 (Fig. 8) , suggesting that sediments did not have an additional effect on the area of coral tissue damaged under HF. By contrast, corals in LF treatments displayed significantly more damage and showed signs of bleaching after approximately 2 weeks compared with those in HF treatments. At this point, algal turf in the LF-sediment addition treatment began to colonize the newly opened space, resulting in the greatest coral tissue damage among treatments, averaging 5.02 ± 0.26 cm 2 (mean ± SD) compared with the LF-no sediment treatment with damaged areas averaging 2.88 ± 0.37 cm 2 (Fig. 8) . Despite the variable extent of coral tissue damage, massive Porites dry weight did not differ significantly among treatments (ANOVA, F 3,20 = 0.33, p = 0.80; Fig. 8 ).
Discussion
Processes that facilitate coral reef degradation include interactions between corals and algae as well as the various abiotic factors that influence them, such as flow and sedimentation. As such, the potential for reef or even regional scale patterns in coral-algal responses to sedimentation and flow may significantly alter community structure and function, as interaction outcomes are likely to be highly context-dependent as demonstrated here. In the back reef, flow was the only factor to significantly affect the frequency and outcomes of massive Porites-algal turf interactions, such that decreased flow (from *0.14 to 0.11 m s -1 ) was associated with a 73 % increase in the frequency of interactions, as well as an increase in the percentage of ''wins'' by algal turf. Along fringing reefs in the absence of a flow gradient, sedimentation becomes a significant factor affecting the frequency and outcomes of interactions. Specifically, the frequency of massive Porites-algal turf interactions increased by 97 % with increasing sedimentation, as did the percentage of turf ''wins.''
The patterns observed in the back reef may be due in part to the effects of flow on the rate of sedimentation, but once this effect is removed, water flow appears to mediate interactions between massive Porites, algal turf, and trapped sediment. Similarly, while there was a significant interaction between flow and sedimentation in the laboratory experiment, no such interaction was found on the back reef. It is likely that flow in the back reef is sufficiently high along the entire length of the observed gradient so as to attenuate the effects of trapped sediments. The back reef may therefore mirror the high-flow treatments in the laboratory experiment, which revealed that under high flow ([0.21 m s -1 ), the extent of Porites tissue damaged when in contact with algal turf is not affected by the addition of sediments.
The mechanisms by which higher flow may mitigate the effects of trapped sediments may arise through reductions in the diffusive boundary layer, thereby enhancing mass- transfer of gases and solutes, reducing hypoxia or hyperoxia, and diluting products of microbial activity (Smith et al. 2006; Weber 2009; Rasher et al. 2011; Wangpraseurt et al. 2012) . Increased flow has been shown to increase the delivery of nutrients, primary productivity, and food capture in addition to enhancing rates of coral tissue recovery (Dennison and Barnes 1988; Patterson et al. 1991; Atkinson and Bilger 1992) . Therefore, the benefits of increasing flow have the potential to significantly counteract the negative effects of sedimentation, implicating water flow as an important physical factor controlling the dynamics between corals and algae. Along fringing reefs, in the absence of a flow gradient, the increase in Porites-algal turf interactions and algal turf ''wins'' with increasing sedimentation, suggests a weakening of Porites competitive ability against sediment-laden turf algae. This finding was supported by the laboratory experiment, which revealed that under low flow (*0.05 m s -1 ), the addition of sediments significantly increases the extent of damaged Porites tissue in contact with algal turf. Potts (1977) suggested that algae-sediment mats cause localized smothering of coral margins, resulting in increased energy expenditure on sediment clearing rather than resisting algal colonization, thus resulting in successful algal overgrowth of coral tissue. Similarly, Nugues and Roberts (2003) hypothesized that the energy spent by corals on sediment removal from tissues not in direct competition with algae may reduce the energy available for defense along interaction margins, resulting in decreased growth of corals in contact with algae in areas of high sediment. Riegl and Branch (1995) demonstrated that with the addition of sediments, coral respiration accounts for *130 % of daily carbon production with 65 % of total respiration allocated to mucus production but only 35 % to general metabolic requirements. Therefore, as filamentous algal turfs respond to increasing sediment accretion by increasing horizontal extension and percent cover (Kendrick 1991; Nugues and Roberts 2003) , the ability of massive Porites to resist algal overgrowth may be reduced due to increased energy expenditure for the removal of sediments. Still, little is known regarding the mechanism of turf proliferation in areas of high sedimentation whether by overgrowth of damaged or dead coral, competitive dominance over established coral, or colonization and occupation of empty space.
It is well known that algal turfs ''trap'' and anchor sediments, which may facilitate algal overgrowth of some corals (Steneck 1997; Airoldi 1998; Birrell et al. 2005) , but the mechanisms of these effects have yet to be determined. One possible mechanism proposed here is the accumulation of sediments along coral-algal interaction margins compared with adjacent non-interacting massive Porites and algal turf surfaces. This may be a result of the secretion of coral mucus which when actively or passively removed, becomes trapped along margins of interactions with turf algae. It is unlikely that sediments trapped elsewhere on the algal surface (i.e., not in direct competition with coral) should have an effect on interaction dynamics; thus, the term sediment trapping may be too broad and instead, the accumulation of sediments at the margin of interaction may have the greatest effect. It is here that coral polyps are in direct contact with algae, and with the addition of sediment the allocation of energy for defense may be reduced in favor of mitigating the effects of sediment. By contrast, where water flow or wave action effectively removes or reduces the effect of sediments, the reduction in energy expenditure for sediment clearing may be reallocated for defense. Knowledge of how such fine-scale patterns of sediment deposition may affect the competitive outcome of coralalgal interactions has implications for the study of coralalgal dynamics as well as increasing our understanding of the relative importance of sediment trapping by algal turf.
Together, these results are supported by previous studies of coral-algal competition in the presence of external disturbances or chronic stressors that reduce the ability of corals to competitively exclude algae (Banner 1974; Birkeland 1977; Hunte and Wittenberg 1992; Steneck and Dethier 1994; Connell et al. 1997; McCook 2001) . In many studies where experimental damage to coral tissue was inflicted in the absence of an abiotic or biotic stressor, coral tissue regenerated and overgrew algae that initially had colonized the lesions, suggesting competitive superiority of otherwise healthy coral tissue (Meesters and Bak 1993; Meesters et al. 1994 Meesters et al. , 1997 van Woesik 1998) . While explicit tests of the physiological effects of low flow and sedimentation on massive Porites were not conducted, the negative effects on corals are well documented and suggest that reductions in metabolism, growth, and survival could have major implications for coral-algal competitive outcomes (Dodge and Vaisnys 1977; Dodge and Lang 1983; Hubbard and Scaturo 1985; Tomascik and Sander 1985; Hubbard et al. 1987; Fabricius 2005 ). The sedimentation rates recorded on the back reef and fringing reefs vary between ''normal'' and ''high'' as described in Rogers (1990) , suggesting that only in areas of extremely high chronic sedimentation ([100 mg cm -2 d -1 ) where damage to coral tissue is extensive (Dodge et al. 1974; Cortes and Risk 1985; Tomascik and Sander 1985; Acevedo and Morelock 1988; Lewis 1997; Van Woesik and Done 1997; Wesseling et al. 2001; Philipp and Fabricius 2003) , is the threat of algal proliferation and dominance imminent. Therefore, thresholds in the concentration or duration of sediment exposure may exist, beyond which the effects become lethal for certain coral species.
One of the major challenges to predicting community dynamics in a changing climate is our ability to understand the potential for interactive, direct, and indirect effects of multiple biotic and abiotic factors at different spatial and temporal scales. The studies presented here sought to elucidate the connections between coral-algal interactions (a relatively small-scale biological process) and reef-scale forcing by flow and sedimentation. There are, however, other concurrent factors that undoubtedly will exert significant, potentially interactive effects such as pCO 2 , temperature, nutrients, and herbivory. Therefore, future studies of coral-algal dynamics should incorporate multiple concurrent factors, as the results presented here provide additional evidence that the outcomes of interactions are likely to be highly context-dependent. Nevertheless, these findings underscore the importance of reef-scale variation in the physical factors that affect coral-algal interactions and contribute to our understanding of how biological processes vary along environmental gradients.
